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Abstract 

We present a solution of Einstein equations with quintessential matter surrounding a d- 
dimensional black hole, whose asymptotic structures are determined by the state of the quintessential 
matter. We examine the thermodynamics of this black hole and find that the mass of the black 
hole depends on the equation of state of the quintessence, while the first law is universal. Investi- 
gating the Hawking radiation in this black hole background, we observe that the Hawking radiation 
dominates on the brane in the low-energy regime. For different asymptotic structures caused by 
the equation of state of the quintessential matter surrounding the black hole, we learn that the 
influences by the state parameter of the quintessence on Hawking radiation are different. 
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I. INTRODUCTION 

String theory predicts the existence of extra dimensions. This inspired a lot of interest to study whether 
extra dimensions can be observed, which can present the signature of string and the correctness of string 
theory. A great deal of effort has been expanded for the detection of extra dimensions. One among them is 
the study of perturbations around braneworld black holes. It has been arg_ued_that the extra dimension can 
imprint in the wave dynamics in the branworld black hole background 

to observe the extra dimension is the spectrum of Hawking radiation which is expected to be detected in 
particle accelerator experiments 
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17|. Recently through the study of Hawking radiation from squashed 
la ] , it was argued that the luminosity of Hawking radiation can tell us the 
size of the extra dimension which opens a window to observe extra dimensions. 

Recent astronomical observations strongly suggest that our universe is currently undergoing a phase of 
accelerated expansion, likely driven by some exotic component called dark energy. Despite the mounting 
observational evidence, the nature and origin of dark energy remains elusive and it has become a source 
of vivid debate. Quintessence is one candidate for the dark energy, which has negative pressure. If the 
quintessence exists everywhere in the universe, it can cause the universe to accelerate. Besides with the 
quintessence around a black hole, the black hole spacetime will be deformed. The Einstein equations for the 
static spherically-symmetric quintessence surrounding a black hole in four dimensions were studied in 18 1. 
It was found that the condition of additivity and linearity in the energy-momentum tensor allows one to 
get correct limit to the known solutions for the electromagnetic static field and for the case of cosmological 
constant. 



In this work we first extend 18| to the solution of Einstein equations with quintessential matter surrounding 
a d-dimensional black hole by assuming that quintessence is not only on the brane but full in the bulk. We get 
a new d-dimensional black hole, whose asymptotic structures are determined by the state of the quintessential 
matter surrounding the black hole. We examine the thermodynamics of this black hole and find that the 
mass of the black hole depends on the equation of state of the quintessence, while the first law keeps the 
same form independent of the dimensions and the state of quintessence. Investigating Hawking radiation 
in this black hole background, we observe that Hawking radiation dominates on the brane. For different 
asymptotic structures caused by the equation of state of the quintessential matter surrounding the black hole, 
we learn that the influences by the state parameter of the quintessence on Hawking radiation arc different. 



The signature of the dimension in Hawking radiation is also presented. 



II. d-DIMENSIONAL STATIC SPHERICALLY-SYMMETRIC BLACK HOLES SURROUNDED 

BY QUINTESSENCE 



We study the Einstein equation for a static spherically-symmetric black hole surrounded by quintessence in 
d-dimensions. The d-dimensional static black hole is described by 



ds 2 = e v dt 2 - e x dr 2 - r 2 d6 2 - r 2 sin 2 Q x dB\ 



r 2 sin 2 Q x ■ ■ ■ sin 2 6 d - 3 d6%_ 



(1) 



where v and A are function of radial coordinate r. The energy-momentum tensor of the quintessence in the 
static spherically symmetric state can be written as 



T t * = A(r), T t 3 = 0, T t j = C{r)r^ + B(r)6- 



(2) 



After averaging over the angles of isotropic state we get 



(T/) = D(r)5/, D(r) = 



d-1 



C(r)r 2 + B(r). 



(3) 



For quintessence, we have 



D(r) = -u q A(r). 

Thus, in terms of density A(r), we can get the expression of D(r) for fixed state parameter u> q . As in Ref. 
the appropriate constant coefficient C(r)/B(r) is defined by the condition of additivity and linearity. 
The Einstein equations of metric (fT]) have the form 



(4) 



2T t * 



it: 



d-2 
2 
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d-3 A' 



d-3 



r j r 
d-3 v 1 \ d-3 



2T" 1 = 2T„ 2 = ■■■ 2T„ d - 2 



„ v 12 AV (d-3)(z/-A') (d-3)(d-4) 



(d-3)(d-4) 
2V 2 : 



(5) 
(6) 

(7) 



2 2 r r 2 

where the prime denotes the derivative with respect to r. 

The appropriate general expression of the energy-momentum tensor of quintessence in the d— dimensional 
spherically-symmetric spacetime is given by 



T t l = Pq {r\ Ti = p q {r)a\ - [1 + (d - l)B(r)]^ + BS> 



(8) 



This leads the spatial part of the energy-momentum tensor in proportional to the time component with the 
arbitrary parameter B(r) which depends on the internal structure of quintessence. After taking isotropic 
average over the angles, we obtain 

(nr j ) = j^jr n r n S?, (9) 
(T/) = -p q (r)^j5^~ Pq S/. (10) 

From the state equation p q = oJ q p q , it is easy to see 

For quintessence, we have — 1 < uj q < and — (d — 1) < a < 0. 



As in Ref. 18[, we can define a principle of additivity and linearity by the equality 

T t * = T r r =>■ A + v = 0. (12) 

And then substituting 

A = -ln/, (13) 

we can obtain the linear differential equations in / 

T t * = T/ = -^[r/'+(d-3)(/-l)], (14) 
T£ = T ^ = ---T^ = -^[r 2 f'' + 2(d-3)rf + (d-4)(d-3)(f-l)}. (15) 

From equations (jHJ) and (| 14|) . we can fix the free parameter B in the energy-momentum tensor for the matter 

p = (rf-iH + i nfil 

(d-l)(d-2)w,' 1 j 

Thus the energy-momentum tensor (|5J) has the form 

T t * = T/ = p„ (17) 
^ = ^ = .-Tt = -^ 3 [(rf-lH + l]. (18) 

Making use of equations (|T4j) - (TT5|) and (TiTf - fTS)) , we obtain a differential equation for / 

r 2 /" + [(d - l)w, + 2d - 5]r/' + (d - 3)[(d - ljw, + d - 3](/ - 1) = 0. (19) 

The general solution of the above equation has the form 



where r g and c\ are normalization factors. When c\ = 0, the function / describes the usual d-dimensional 
Schwarzschild black hole. Moreover, we also note that in the case uj q — 0, the second and the third term in / 
have the same order of r. 

The energy density p q for quintessence can be described by 

aw q (d- 2) 



Pq 



4 r (d-l)(o>„+l) 



(21) 



which should be positive. Since uj q < 0, it requires the normalization constant c\ for quintessence to be 
negative. If we take r g = 2M and c = — ci, the metric of the d-dimensional spherically symmetric black hole 
surrounded by quintessence reads 

-i -l 



ds 2 



1 



2M 



r d — 3 j,(d~ l)(jJ q -\-d — 3 



1 



2Af 



r c£— 3 y,(d— l)uj q -\-d— 3 



dr — r 



(22) 



This spacetime depends not only on the dimension d. but also on the state parameter Lo q of quintessence 



When d — 4, our result reduces to that obtained in 



ds 2 



1 - 



2M 

-e£— 3 



18| . In the limit ui q = — 1, the metric becomes 
2M 



1 - 



-d— 3 



d-2> 



(23) 



which reduces to the d-dimensional Schwarzschild de Sitter black hole. We also note that the metric (|22[) can 
reduce to the d-dimensional Reissner-Nordstrom black hole if we take 



d-3 
d-1 



(24) 



This implies that the state parameter uj q of the electromagnetic field is a function of the dimension d of the 
spacetime, so that we might fix the number of extra dimensions of the spacetime by measuring the relation 
between the pressure p q and the energy density p q . 

III. THERMODYNAMICS OF THE d-DIMENSIONAL STATIC SPHERICALLY-SYMMETRIC 
BLACK HOLE SURROUNDED BY QUINTESSENCE 



We now study the thermodynamical property at the black hole event horizon in the background ([22 
We write the mass E of a d-dimensional black hole as a product 

E = F(d)M, 



(25) 



where F(d) is a function of dimension d. We will see that the first law of thermodynamics at the black hole 
event horizon does not depend on this function. The entropy S, mass E and Hawking temperature T of the 



black hole (f2"2"|) can be described by 

S 
E 



4 4T[^±i] h 



2 



„d-2 



G(d)' 



■'g(d-l) 



T 



respectively. As did 



id in [l9|, 



F{d)G{d) 
2(d-2) 



(d - 3)[G(d)S}^ + u g c(d - l)[G(d)SY 



,(d-l) + d-2 



(26) 

(27) 
(28) 



we treat the constant c as a variable, and have the generalized force 



We find that the first law takes the form 

d- 3 



F(d) 



[G(d)5] 



(29) 



d-2 



E = TS 



uj q {d- l) + d-3 
d-2 



e c c. 



(30) 



It is clear that the mass depends on the state parameter to q of quintessence. In the limit uj q — > — 1, the 
second term in the right-side of equation (f3T))) becomes — jz^Qc c. Setting c = where / 2 is defined as the 
cosmological constant A through I 2 = ^— we have <di = —-pQ c and — ^z^Qc c = ^-^6; L Then the 



equation ([30|) reduces to the first law in the d-dimensional de Sitter black hole spacetimes 19(. In the case 



uj q = |5y, setting c = — Q 2 , we can obtain 6q = — 2Q0 C , and 2 ^Z^ 
to that in the d-dimensional Reissner- Nordstrom black hole[2fJ. 
From equations (26), (27) and (28), it is easy to obtain that 



e c c 



d-3 



<3q Q. The first law returns 



T 



dE 
~dS 



(31) 



Combining it with equation (29), we have 

iE :dE 



d c = TdS + 9 c d c, 



(32) 



which is the differential form of the first law of thermodynamics in the background of (22). Obviously, in the 
case of a d-dimensional static black hole surrounded by spherically-symmetric quintessence, the differential 
form of the first law does not depend on the state parameter uj q . 



IV. GREYBODY FACTOR FOR A d-DIMENSIONAL STATIC SPHERICALLY-SYMMETRIC 
BLACK HOLE SURROUNDED BY QUINTESSENCE 



In this section, we study the greybody factors for the emission of scalar field in the low energy limit 
on the brane and into the bulk from the d-dimensional static spherically-symmetric black hole surrounded 



by quintessence (f!?12|) . The greybody factors of the scalar field in the d-dimensional Schwarzschild and 
Schwarzschild-dS blackholes have been investigated 121 
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The equation of motion for a massless scalar particle propagating in the curved spacetime is described by 

f 



-9 



(33) 



where $(i, r, ft) denotes the scalar field. Separating $(t, r, fi) = e Jwt \& buik(r)Yi m (£l) , we can obtain the radial 
equation for the scalar field propagating into the bulk 

1 d 



r d 2 ^ r 



r d-2j d ^bulk{r) 

dr 



lo 2 1(1 + d- 3) 

J ~2 



^buik(r) = 0, 



(34) 



with / = 1 — — (d _i)° g+d _ 3 ■ Similarly, we can also obtain the radial equation for scalar field propagating 
on the brane 



r 2 dr 



2 s d^brane(r) 



dr 



r w 2 1(1 + 1) 

J-^2— 



^brane(r) = 0. 



(35) 



Adopting the tortoise coordinate x = J y-, radial equations (|3"4"|) and ([33)1 can be further written as 

" d 2 



+ uj - Vbuik (r) 



r 2 ^buik(r) 



0. 



(36) 



and 



r*6r<me(r) 



(37) 



with the effective potentials 

V bu ik(r) = f 

and 



(d-2)(d-4)/ (d-2)f 1(1 + d- 3) 



4r 



Vbrane (r ) = / 



2r 



(38) 



(39) 



Here we only consider the greybody factor for the mode I = which dominates in the low-energy regime 
lo <C Th and ojRh "C 1. 

From the expression of /, we find that the spacetime is asymptotically flat if > uj q > — (d— S)/(d— 1) 



and is asymptotically dS-like when — 1 < uj q < — (d — B)/(d — 1). As in [2l|, we write / = f a (r) + fh( r )- The 
function f a (r) is the asymptotic part of / and the function fh(r) contains physics which is specific for the 
black hole. We can define the asymptotic region to be f a (r) S> fh(r). 



Near the black hole horizon r ~ Rh, taking into account the ingoing boundary condition, we obtain the 
solution of the radial equations (|3~4")1 and ([55)1 in the same form 



*{r) RH = Aje iux . 

Near the black hole horizon x ~ tt— log v ~ d Rh , the solution (14TJ1) can be written as 

2KH Jiff ' ' ' 



(40) 



ILO , 

1 + log ■ 



(41) 



2k h R h 

In the intermediate region where the effective potentials Vbulk(r) ^> u> 2 and Vb rane {r) ^> uj 2 , the radial 
equations (f3"4")l and ([55)1 can be reduced to 

f d 



and 



r d 2 ^ r 



l_d_ 

r 2 dr 



r d-2j d ^buik{r) 
dr 



0. 



r 2 / 



dr 



0. 



respectively. The general solutions for equation (|42|) and (|43|) can be got 



tffaiik(r) = Ajj + B n G{r), and * 6rarie (r) = A u + B' n G'{r), 



where 



G(r) 



dr 



r d-2 J ' 



For r ~ Rh, we have 
G(r) 



,d"=2 lo S ( r ~ r h), and G'(r) = * log (r - 



Matching this solution to the wave-function (|4"Tj) of the near black hole horizon region, we obtain 

A u = Aj, B H = iwRp 2 Ai, B'jj = iuiRjjAi. 

The asymptotic expressions of wave functions (|4"4")) in the limit r ^S> Rh with V(r) ^S> lo 2 read 



^buik{r) = A A l + iujR a H 



rf?" 



^brane(r) = A T ( 1 + iujR R [ 

\ Joo T 2 fa{- 



(42) 



(43) 



(44) 



(45) 



(46) 



(47) 



(48) 



r d - 2 f a (r)J' — V ' ~'\ " J oof* fa(r). 

We shall use these expressions to match the general solution for the scalar wave equation in the asymptotic 
region. 



Until now we just concentrate on the black hole, in the following we will do the matching in the asymptotic 
region for the case of asymptotically flat spacetime and asymptotically dS spacetime, respectively. 

Let us first consider the asymptotically flat spacetime where > ui q > — (d — 3)/(d — 1). In this case, we 
take f a (r) = 1. 

The general solutions of the wave equation and ([55]) in asymptotically flat spacetime are given by 



3-d 

— n 2 



C 1 Hi 1 } 3 (p)+C 2 H\%(p) 



(2) 



^brane(r) = P 2 



C l H { l\p) + C 2 H^{p) 



(2)/ 



(49) 



where p = rui, Hu(p) = J v {p) + iN u {p) and H„ (p) — J v {p) — iN u {p) are the Hankel functions defined by 



the Bessel functions J v {p) and N u {p). In the limit p <C 1, we have 



^buik(r) 



Ci+C 2 r(^)2^ 

t{C 1 -G 2 ) — 3 , ^brane(r) 



r(^i)2^ 



np~ 



V2(Ci + C 2 ) ^V2(C 1 - C 2 ) 



(50) 











= -0.1 


UJ 


q = -0.2 


UJq = —0.3 


UJq = -0.1 


UJq = -0.2 


UJq = —0.3 


d = 


4 


2.0122 




2.0151 


2.0188 


4.0481 


4.0602 


4.0756 


d = 


5 


1.4183 




1.4189 


1.4200 


2.8530 


2.8566 


2.8633 


<Z = 


6 


1.2623 




1.2626 


1.2629 


2.5389 


2.5413 


2.5438 


d = 


7 


1.1909 




1.1910 


1.1912 


2.3954 


2.3964 


2.3984 



TABLE I: The changes of Rh and 2 with different state parameter uj q and dimension numbers d in the asymptot- 
ically flat case. Here M = 1 and c = 0.01. 



Matching the wave-function (|50[) in the asymptotic region to that in the intermediate region, we get the 
relationship between the coefficients C\ and C 2 



Ci + C.^Ti — ^Aj, d - C 2 = -——^-^.A/, (51) 

2 



(d-3)r(^)2V 



iii the bulk and 



C 1 + C 2 = y|vl J) C 1 -C 2 = ^~lj 2 R 2 h A i , (52) 
on the brane. From the definition of greybody factor in the low energy limit luRh <C 1, 

4 caTcV (53) 



we obtain the greybody factor 



in the bulk and 



4nuj d - 2 R d H 2 



2 d - 2 r(ti) 2: 



10 



(54) 



7(w) = 4w 2 i?^ 



(55) 



on the brane. Obviously, the greybody factors in the bulk and on the brane depend on the black hole horizon 
radius. The changes of Rh and R'jf 2 with the state parameter uj q and dimension d are listed in table (I) and 
the factor 2 d ~ 2 Y{^^-) 2 in (f54|) is only a monotonically increased function of the dimension numbers d, thus 
the greybody factors ([54]) and (|55[) increase with the increase of the absolute value of ui q and decrease with 
the increase of d . 

In the d dimensional black hole spacetimc, the luminosity of the black hole Hawking radiation for the mode 
I = in the bulk and on the brane is given by 



Lbulk = 
Tbrane 



duj uo^R^ 2 1 
2 rf - 3 r(^-) 2 e^l T « - r 
00 duj Auj 3 R 2 h 



(56) 
(57) 



/,, 2tt e W / T " - 1 ' 

The integral expressions above are just for the sake of completeness by writing the integral range from 
to infinity. However, as our analysis has focused only in the low-energy regime of the spectrum, an upper 
cutoff will be imposed on the energy parameter such that the low-energy conditions u> <C Tjj and ljR <C 1 
are satisfied. The values derived for the luminosities of the black hole on the brane and in the bulk will 
therefore be based on the lower part of the spectrum and modifications may appear when the high-energy 
part of the spectrum is included in the calculation. The Hawking temperature Th of the black hole in the 







u> q = -0.1 


UJq = -0.2 


UJq = —0.3 


UJq = -0.4 


UJq = —0.5 


UJq = —0.6 


d = 
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0.03947 


0.03931 


0.03909 








d = 
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0.11208 


0.11187 


0.11161 


0.11127 


0.11086 




d = 
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0.18895 


0.18869 


0.18837 


0.18798 


0.18752 


0.18696 


d = 
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0.26707 


0.26676 


0.26639 


0.26595 


0.26542 


0.26480 



TABLE II: The change of Th with different state parameter u q and dimension numbers d in the asymptotically flat 
case. Here M = 1 and c = 0.01. 



asymptotically flat spacetime is listed in table (II) . It is shown that Th increases with of the dimension number 
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d and decreases with the increase of the absolute value of uj q . Table (III) tells us that both the luminosity of 
Hawking radiation in the bulk and on the brane decrease with the increase of the absolute io q and increase 
with the dimension number d. We observe that Hawking radiation dominates on the brane and the ratio 
Lbrane/ Lbulk increases with the magnitude of Lu q and dimension d. 





Lbulk 


(io- s ) 






(10"°) 
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LUq = —0.3 
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LUq = -0.1 


LUq = -0.2 


LUq = —0.3 
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4.06400 


4.0087 


3.9330 
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31.405 


31.145 


30.818 


131.27 


130.39 


129.26 


4.180 


4.186 


4.194 


d = 


6 


99.774 


99.036 


98.135 


839.67 


835.39 


830.17 


8.416 


8.435 


8.460 


d = 
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263.32 


261.38 


259.06 


2982.9 


2969.9 


2954.4 


11.33 


11.36 


11.40 



TABLE III: The changes of Lbulk, Lbrane and Lbrane /Lbulk with different state parameter ou q and dimension numbers 
d in the asymptotically flat case. Here M = 1 and c = 0.01. 



Now we start to consider asymptotically dS like spacetime with —1 < io q < — (<i — 3)/(e? — 1). The function 
f a {r) is now given by 



fa(r) = 1 - 



(58) 



j,U)q(d— — 3 1 

The metric (|2"2"j) now has a cosmologicaldike horizon located at r = r c = c 1 /[ w g( d - 1 )+ (i - 3 ]. Assuming that 
r c ^> Rh, we have that fh{r) *C f a { r ) for r ^> Rh and the /h(r) contribution to f{r) is negligible. This 
allows us to define an intermediate region, Rh <C r <C r c , in between the near horizon and the asymptotic 
region. Thus, for r ^> Rh, r/r c < 1 and ru <§; 1, the wave functions (|48f have the form 



bulk 



[r)=AAl-i ^ 



d-2 



brane 



{d-3)r d - 3 

In the asymptotic region, r ^> Rh, we define the coordinate 



(r) = A T 1 - i 



uRl 



(59) 



(60) 



with n = Lo q {d — 1) + d — 3, which is negative because that in this asymptotically dSdike spacetime uj q < 



-(d — 3)/(d— 1). Then radial equations (|34| and (|35|) can be approximated as 



balk 



dz 2 



n +1 2n + 1 
z 



dP, 



bulk 



dz 



d-2 



n 2 (l — z) Azn 2 



d- 4- z(d-2n- 4) 



and 



(l-z)z 



bra 

H 2 



n + l 



2n+l" 



dP, 



brane 

dz 



n 2 (l — z) n 



ftulfc = 0, (61) 



(62) 
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respectively. Here P bu i k = 2)1 2 ^ bulk {r) and P brane = r^ brane (r). 
The general solution to the equation (ICTj) is 

iujr c 3 — d + n iujr c 3 — d + n 



Pbulk = Ciz »» (1 - z) » 2-Fl 
+ C 2 z^{\~z)^ 2 Ft 



iujr r d — 3 io;r r d — 3 + n 
1 + , + -, ;z 



(63) 



where 2F1 fr 5 c; z] is the standard hyper geometric function. Since, n < 0, for 2; — * 0, or r/r c <C 1, we have 

d— 4 

*6ulk(r) = Cirf^ + (64) 



Matching this wave function to the behavior (|59p in the intermediate region, we can fix the coefficients C\ 
and C 2 



Ci = r c 2 Ai, C 2 = -ir c 



-* luR 



H 



-Aj. 



(65) 



(d-3)' 

In order to find the behavior of the wave function for z — ► 1, we change the argument of the hypergeometric 
function of the solution (|63p from z to 1 — z and find that it has the form 



Pi 



bal k 



+ Cxknz~^(l - z)~^ 2 Fi 
+ C 2 b 12 z^ (1 - z)^ 2 Fi 
+ C 2 b 22 z^(\ - z)- 1 ^ 2-F1 



iujr r 3 — d + n + iwr r i2wr r 

— -, -,1 + -;l-z 



n n 
3 — (i + n — iu;r c iur t 



n 



n 



i2ujr c 

! 1 ! 1 — Z 



iur c d — 3 + iwr c i2u;r c 
1 H , , 1 H ; I — z 



d — 3 — iw7' c iwr c i2ujr c 
, 1 , 1 : 1 - z 



(66) 



with 



fen = 



&21 



p / 3 — d-\-n ^pf i2ujr c \ 

\__n__/__\ n / 

p^ 3— d+n— zu;r c ^p^ ?ct;r c ~j 1 

p/ 3 — d+n \p/ r2ur e \ 
\ n / v n / 



t>12 = 



p/ iur c \p/ n-\-3~d-\-iojr c \ 5 
V n / v n ' 

Thus, in the limit z — ► 1, the wave function becomes 



'^22 



p^ d— 3+yt i2u)r c ^ 

p^ d— 3— imr c 2a;r c ^ ' 

p/ d— 3+re ^p/ i2cur c \ 
p/ d-3+ittfr e ^TYl 4- , ^ a;r 'c ^ ' 



(67) 



(68) 



*h„ifc(r) = 6^ 2 e" — e Ma; + C 2 r c 2 e~ e 



(69) 



where <5 = — rf-x/n) [EulerGamma + PolyGamma(0, —l/ri)]. The relations between Ci, C 2 and Ci, C2 can 



be expressed as 



Ci 
C2 



&11 612 UCi 
621 622 )\C 2 



(70) 
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Then the greybody factor is give by 

j(w)bulk = 



1 



\C2? 


621 


2 


ICil 2 


611 





&11^22 - ^12^21 C2 



CI 



= Ah{uor c ) 
where the function h(ur c ) is defined by 



Rh 



(71) 



h{u>r c ) = 



1 



4|&n| 2 ' 

Similarly, the greybody factor for the scalar emission on the brane can be got 

1 (Rh\ 2 



(72) 



brane — 



(73) 



with 



b'n 



r( 



n, — l — iujr c 



)r(_«^) 



(74) 



The greybody factors 7(w)& u jfc and 7(w){, rane depend on w and the ratio Rn/r c . The changes of and r c 
in the case uj q (d — 1) + d — 3 < with w g and (i are listed in table (IV). One can find that the ratio Rh /r c 
increases with the increase of the absolute value of u q and decreases with the increase of the dimension d. In 



the low energy limit uor c < 1, we have the quantities |6n| 2 ~ 1/4 and \b 
factors "f(u))buik an d j(^)brane also increase with u q and decrease with d. 
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1/4, and then the greybody 







r 


C 




R H /r c 




u> 9 = -0.8 


UJq = -0.9 


UJq = — 1 


uj q = -0.8 


uj q = -0.9 


UJq = -1 


UJq = -0.8 


UJq = -0.9 


UJq = —1 


d = 4 


2.0564 




2.0714 


2.0915 


25.294 


13.680 


8.789 


0.0813 


0.1514 


0.2380 


d= 5 


1.4252 




1.4269 


1.4289 


46.380 


17.712 


9.897 


0.0307 


0.0806 


0.1444 


d = 6 


1.2653 




1.2660 


1.2667 


100.00 


21.542 


9.990 


0.0127 


0.0588 


0.1268 


d= 7 


1.1927 




1.1930 


1.1935 


316.23 


26.827 


9.999 


0.0038 


0.0445 


0.1194 



TABLE IV: The changes of Rh, r c and Rh /r c w\ih different state parameter uj q and dimension numbers d in the 
asymptotically dS-like case. Here M = 1 and c = 0.01. 



The luminosity of Hawking radiation for the mode I = in the bulk and on the brane can be given by 

doj oj j(uj)buik 



Lbulk — 
Lbr, 



-L 



e <V T « - 1 ' 

50 duj UJ ■j(uj)brane 

2tt e <V T « - 1 ' 



(75) 
(76) 
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As did in (56) (57), here we also focus only in the low-energy regime of the spectrum and impose an upper 
cutoff on the energy parameter such that the low-energy conditions oj <C T# and loR <C 1 are satisfied. The 
values obtained for the luminosities of the black hole on the brane and in the bulk are based on the lower part 
of the spectrum. When the high energy part spectrum is included, the results may significantly change. 





UJq = -0.4 


UJq — —0.5 


LOq = —0.6 


UJq = -0.7 


UJ q = -0.8 


UJq = -0.9 


UJq = -1.0 


d = 


4 0.03879 


0.03838 


0.03784 


0.03712 


0.03615 


0.03484 


0.03306 


d = 


5 




0.11034 


0.10971 


0.10894 


0.10800 


0.10684 


d = 


6 






0.18629 


0.18550 


0.18455 


0.18342 


d = 


7 






0.26407 


0.26320 


0.26219 


0.26101 



TABLE V: The change of Th with different state parameter u> q and dimensional numbers d in the asymptotically 
dS-like esse. Here M = 1 and c = 0.01. 





Lbuik 


(io- B ) 




L'brane 


(io- a ) 








UJq = -0.8 


UJq = -0.9 


UJq = -1.0 


LOq = -0.8 


UJq = -0.9 


UJq = -1.0 


UJq = -0.8 


UJq = -0.9 


UJq = -1.0 


d = 4 


0.9045 


2.9143 


6.4797 














d= 5 


0.0361 


0.6386 


3.5966 


1.1734 


7.9265 


24.912 


32.544 


12.413 


6.9267 


d= 6 


9.2 x 10~ 5 


0.0425 


0.9108 


0.5769 


12.318 


56.647 


6246.3 


289.54 


62.195 


d = 7 


5.5 x 10" 9 


0.0013 


0.1728 


0.1032 


14.238 


101.64 


1.864 x 10 7 


11369.5 


588.06 



TABLE VI: The changes of Lbuik, Lbrane and Lbrane/ Lbuik with different state parameter ui q and dimensional numbers 
d in the asymptotically dS-like case. Here M = 1 and c = 0.01. 

Although the black hole Hawking temperature T H (which is listed in table V) decreases with the increase of 
the absolute value of u q , table (VI) tells us that the luminosity of the black hole Hawking radiation increases 
with the increase of the magnitude of co q . This is different from that in the asymptotically flat case with 
uj q (d — 1) + d — 3 > 0. Moreover comparing with the asymptotically flat case, although the ratio Lb rane /Li, u ik 
tells us that the black hole Hawking radiation still dominates on the brane in the dS like spacetimc, its 
dependence on \u q \ is different in the dS like situation from that in the asymptotically flat spacetime. These 
differences can be understood from the behavior of the ratio Rh/tc <C 1, which increases with \to q \. This 
means that when \u q \ becomes bigger, the black hole horizon and the cosmological horizon will come closer, 
so that Hawking radiation on the black hole event horizon will be enhanced by the contribution from Hawking 
radiation from the cosmological horizon. 
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V. CONCLUSIONS AND DISCUSSIONS 

In this paper, we obtain an exact solution of Einstein equations for the static spherically-symmetric 
quintessential matter surrounding a black hole in <i-dimensional spacetimes. For different state parameters 
Lo q of quintessence, our solution can lead to different limits, such as the Schwarzschild, Reissner-Nordstrom 
and de Sitter black holes in d-dimensions. We study the thermodynamics in this d-dimensional black hole 
spacetime and find that the first law is universal for arbitrary state parameter io q of the quintessence. 

We investigate the greybody factors and Hawking radiations of a scalar field in the bulk and on the brane, in 
the low-energy regime, in this d-dimensional black hole surrounded by quintessence. We observe that Hawking 
radiation dominates on the brane. For the case > uj q > —(d — 3)/(rf — 1), the black hole is asymptotically 
flat, the luminosity of Hawking radiation both in the bulk and on the brane decreases with the increase of \uj q \. 
But for the case — (d — 3)/(rf — 1) > uJ q > —1, the black hole is in the asymptotically dS spacetime, Hawking 
radiation increases with the magnitude of \u> q \. The difference can be attributed to the different asymptotic 
structures of the spacetimes. In the asymptotic dS spacetime, besides the black hole event horizon, there 
also exists the cosmological horizon. When the absolute value of ui q becomes bigger, these two horizons come 
closer. The contribution of Hawking radiation from the cosmological horizon enhances the Hawking radiation 
near the black hole event horizon. 

Acknowledgments 

This work was partially supported by NNSF of China, Shanghai Education Commission and Shanghai 
Science and Technology Commission. R. K. Su's work was partially supported by the National Basic Research 
Project of China. S. B. Chen's work was partially supported by the China Postdoctoral Science Foundation 
under Grant No. 20070410685, the Scientific Research Fund of Hunan Provincial Education Department 
Grant No. 07B043, the National Basic Research Program of China under Grant No. 2003CB716300 and the 
construct program of key disciplines in Hunan Province. 



[1] J. Y. Shen, B. Wang and R. K. Su, Phys. Rev. D 74, 044036 (2006). 

[2] E. Abdalla, B. Cuadros-Melgar, A. B. Pavan and C. Molina, N ucl.Phys. B 752, 40 (2006). 
[3] S. B. Chen, B. Wang, R. K. Su, Phys. Lett. B 647, 282 (2007), [arfa"v:hep-th/0701209| 

[4] P. Kanti, R. A. Konoplya, A. Zhidenko, Phys. Rev. D 74, 064008 (2006); P. Kanti, R. A. Konoplya, Phys. Rev. D 

73, 044002 (2006); D. K. Park, Phys. Lett. B 633, 613 (2006). 
[5] P. Kanti, |hep-ph/0310162| 



16 



[6] C. M. Harris and P. Kanti, JHEP 0310 014 (2003) ; P. Kanti, Int. J. Mod. Phys. A 19 4899 (20 04); P. Ar gyres, 

S. Dimopoulos and J. March-Russell, Phys. Lett. B441 96 (1998); T. Banks and W. Fischler, [hep-th/99 06038 R. 

Emparan, G. T. Horowitz and R. C. Myers, Phys. Rev. Lett. 85 499 (2000). 
[7] E. Jung and D. K. Park, Nucl. Phys. B 717 272 (2005); N. Sanchez, Phys. Rev. D 18 1030 (1978); E. Jung and D. 

K. Park, Class. Quant. Grav. 21 3717 (2004). 
[8] A. S. Majumdar, N. Mukherjee, Int. J. Mod. Phys. D 14 1095 (2005) and reference therein; G. Kofinas, E. 

Papantonopoulos and V. Zamarias, Phys. Rev. D 66, 104028 (2002); G. Kofinas, E. Papantonopoulos and V. 

Zamarias, Astrophys. Space Sci. 283, 685 (2003); A. N. Aliev, A. E. Gumrukcuoglu, Phys. Rev. D 71, 104027 

(2005) ; S. Kar, S. Majumdar, Int. J. Mod. Phys. A 21, 6087 (2006) ; S. Kar, S. Majumdar, Phys. Rev. D 74, 
066003 (2006); S. Kar, Phys. Rev. D 74, 126002 (2006). 

[9] E. Jung, S. H. Kim and D. K. Park, Phys. Lett. B 615 273 (2005); E. Jung, S. H. Kim and D. K. Park, Phys. 
Lett. B 619 347 (2005); D. Ida, K. Oda and S. C. Park, Phys. Rev. D 67 064025 (2003); G. Duffy, C. Harris, P. 
Kanti and E. Winstanley, JHEP 0509 049 (2005); M. Casals, P. Kanti and E. Winstanley, JHEP 0602 051 (2006); 
E. Jung and D. K. Park, Nucl. Phys. B 731 171 (2005); A. S. Cornell, W. Naylor and M. Sasaki, JHEP 0602, 012 

(2006) ; V. P. Frolov, D. Stojkovic, Phys. Rev. Lett. 89, 151302 (2002); Valeri P. Frolov, Dejan Stojkovic, Phys. 
Rev. D 66, 084002 (2002); D. Stojkovic, Phys. Rev. Lett. 94, 011603 (2005). 

[10] D.K. Park, Class. Quant. G ray. 23, 4101 (200 6). 

[11] Eylee Jung and D. K. Park, |hep-th/0612043| V. Cardoso, M. Cavaglia, L. Gualtieri, Phys. Rev. Lett. 96, 071301 

(2006); V. Cardoso, M. Cavaglia, L. Gualtieri, JHEP 0602, 021 (2006). 
[12] D. Dai, N. Kaloper, G. Starkman and D. Stojkovic, Phys. Rev. D 75, 024043 (2007). 
[13] L.H. Liu, B. Wang, G.H. Yang, Phys. Rev. D 76, 064014 (2007). 
[14] H. Ishihara and K. Matsuno, Prog. Theor. Phys. 116, 417 (2006). 
[15] H. Ishihara and J. Soda, Phys. Rev. D 7 6, 064022 (2007). 
[16] S. B. Chen, B. Wang, R.-K. Su. larXiv:0710.3240l Phy s. Rev. D (in pres s). 
[17] S. B. Chen, B. Wang, R.-K. Su, W.-Y Pauchy Hwang. larXiv:0711.3599l 
[18] V. V. Kiselev, Class. Quant. Grav. 20, 1187-1198, (2003). 

[19] S. Wang, S. Q. Wu, F. Xie and L. Dan, Chin. Phys. Lett. 23, 1096, (2006) arXiv: |hep-th/060il47] Y. Sekiwa, 
Phys. Rev. D 73, 084009 (2006); M. Banados, C. Teitelboim and J. Zanelli, Phys. Rev. Lett. 69, 1849 (1992); M. 
Banados, M. Henneaux, C. Teitelboim and J. Zanelli, Phys. Rev. D 48, 1506 (1993); M. H. Dehghani, Phys. Rev. 
D 65, 104003 (2002); S. Q. Wu, Phys. Lett. B 608, 251 (2005); S. Shankaranarayanan, Phys. Rev. D 67, 084026 
(2003). R. G. Cai, Phys. Lett. B 525, 331 (2002); R. G. Cai, L. M. Cao and D. W. Pang, Phys. Rev. D 72, 044009 
(2005); G. W. Gibbons, H. Lu, D.N. Page and C.N. Pope, J. Geom. Phys. 53, 49 (2005); G . W. Gibbons, M. J. 
Perry and C. N. Pope, Class. Quant. Grav. 22, 1503 (2005); S. Wang, |arXly:gr-qc/0606109| 

[20] J. P. Gauntlett, R. Myers and P. Townsend, Class. Quant. Grav. 16, 1 (1999). 

[21] T. Harmarka, J. Natariob and R. Schiappac, arxiv: hep-th 0708.0017. 

[22] P. Kanti, J. Grain and A. Barrau, Phys. Rev. D 71, 104002 (2005). 



